Purpose Along with the increase in primary total knee arthroplasty, there has been an increase in the number of revisions. The aim of this study was to propose a selection algorithm for the knee revision constraint according to the state of ligaments and to the bone defects Anderson Orthopaedic Research Institute Classification [AORI] classification. The hypothesis was that this algorithm would facilitate the appropriate choice of prosthesis constraint, thus providing stable components and a good long-term survivorship of the knee revisions. Methods Sixty consecutive revision knee arthroplasties in 57 patients were prospectively evaluated. Prostheses implanted at revision included postero-stabilised, condylar constrained and rotating hinged, relative to the state of the ligaments and of the bone loss around the knee. The median follow-up was nine years (range, 4-12). Results The median IKS knee and function scores and HSS score were 41 (15-62), 21.5 (12-43) and 34 (23-65) points, respectively, before the operation, and 81 (48-97), 79 (56-92) and 83.5 (62-98) points (p<0.001) at the latest followup evaluation. The median ROM increased from 74°(29-110°) preoperatively to 121°(98-132°) (p<0.01) at the final follow-up. Re-revision was necessary in five (8.3 %) patients. Conclusions A selection algorithm for the revision implant constraint based on the state of ligaments and the bone loss AORI classification could provide stable knee reconstructions and long-term success of knee revisions.
Introduction
The increasing number of total knee arthroplasties implanted each year worldwide has led to a concomitant increase in revision surgeries. More than 350,000 primary knee arthroplasties were performed in the United States in 2002, and about 29,000 knee revisions [1] , with 46,000 during 2005 alone [2] . It has been estimated that by 2030, every year, 500,000 Americans aged 65 or over will undergo total knee arthroplasty (TKA) [3] .
Revision TKAs are certainly more complex than primary procedures, with poorer outcomes and a higher rate of complications [4] . The poorer results of revisions have been attributed to several factors including the deficiency of host bone stock both in quantity and quality, extensor mechanism problems, ligamentous instability [5] and a greater incidence of periprosthetic infection [6] . Numerous studies have reported rates of reoperation after revision TKA of eight to 19 % [6] [7] [8] .
Apart from infections, the principal causes of revision TKA failure are wear, aseptic loosening [9] and instability due to the inappropriate choice of revision implant constraint [6, 10] . In fact, one of the greatest challenges during revision TKA is the management of the ligamentous instability affecting both the function and final survival of the knee joint reconstruction [5, 11] .
Constraint choice depends on the state of collateral ligaments and other peripheral stabilisers of the knee, and on the severity of bone loss [12] [13] [14] . Primary postero-stabilised (PS) designs may be used if the ligaments are intact and bone defects are minimal [12] , whereas hinged prostheses are necessary in cases of ligament absence/disruption with moderate or severe bone loss [5, 15] . Condylar constrained knee (CCK) prostheses are semi-constrained nonhinged implants, which represent an excellent alternative to the hinged prostheses. CCK systems have been introduced more recently, being more suitable in cases of intermediate severity with insufficiency (but not absence) of the ligaments and moderate bone loss [16] [17] [18] .
The aim of this study was to present a modern algorithm for selection of the implant constraint according to the state of peripheral ligaments and to the bone defects AORI classification [19] . The hypothesis was that this algorithm would facilitate the constraint choice of the revision prosthesis thus providing stable components and a long-term success of knee revisions.
Materials and methods
From 2001 to 2009, 60 consecutive revision TKAs in 57 patients were carried out at our institution. The indications for the revision procedure included second-stage revision for the treatment of deep infection (22 knees), aseptic loosening (19) , severe osteolysis (7), pain (4), severe knee instability (3), extensor mechanism problems (3) and wear (2) . The median time from the primary knee replacement to revision was 29 months (range, four to 75). The study group included 36 women and 21 men. At the time of revision surgery, the median patient age was 72 years (range, 61-84), and the median body mass index (BMI) was 26.4 kg/m 2 (range, 23.2-32.9). Removed knee arthroplasties were: postero-stabilised (34 implants), cruciate-retaining (11), semiconstrained (6), medial unicompartmental (5) and hinged (4) . The state of the ligaments found during the revision was classified as intact, insufficient and absent; while bone loss was categorised according to the AORI bone defect classification system [19] .
All data were prospectively collected. Clinical evaluation was performed preoperatively and at post-revision intervals of three months, six months, one year, and yearly thereafter. Patients were assessed using the International Knee Society (IKS) knee and function scores, and the Hospital for Special Surgery (HSS) knee score; median range of motion (ROM) was reported.
Radiographic assessment, including weight-bearing anteroposterior, lateral and Merchant views, was completed for all 57 patients to evaluate the presence of radiolucencies and osteolysis. Presence and location of radiolucent lines were assessed according to a modification of the Knee Society TKA radiographic evaluation system for longstemmed revision prostheses [20] . An osteolytic lesion was recorded according to size as none, minimal (0.5×0.5 cm), or greater than two centimetres. The median follow-up of the revisions was nine years (range, four to 12).
Statistical analysis
Patient demographics were described using medians and ranges. Improvements relative to the median IKS knee and function scores, HSS knee score, and median ROM were analysed using a Student t test. The degree of statistical significance was defined as p<0.05.
Results
Constraint choice for the revision prosthesis depended on the state of the ligaments and on the severity of bone loss according to AORI classification. A primary PS implant (Nexgen LPS, Zimmer, Warsaw, IN, USA) was sufficient in seven knees that presented with intact ligaments and type 1 bone loss. A semiconstrained CCK implant (Nexgen LCCK, Zimmer, Warsaw, IN, USA) was used in 35 knees with ligament insufficiency and type 2 bone defects. A rotating hinged prosthesis (Nexgen RHK, Zimmer, Warsaw, IN, USA) was necessary in 18 knees characterised by ligament absence/disruption and type 2 or 3 bone loss. All the prosthetic components were cemented in their condylar and metaphyseal portion.
Type 1 defects were managed with cement and morcellised autografts. Type 2 and 3 defects were treated with metal augmentations, tantalum cones, and modular cementless stems. In particular, tantalum cones were used only for management of type 3 defects. No allograft was used.
The median IKS knee and function scores and HSS score were 41 (range, 15-62), 21.5 (12-43) and 34 (23-65) points, respectively, before the operation, and 81 (48-97), 79 (56-92) and 83.5 (62-98) points (p<0.001) at the latest follow-up evaluation. The median ROM increased from 74°( range, 29-110°) preoperatively to 121°(98-132°) (p<0.01) at the final follow-up.
No significant differences were found between the three groups of prostheses (PS, CCK and RHK) in terms of IKS and HSS scores. PS prostheses only presented significantly higher ROM values compared to CCK and RHK ones (127°v s. 111.5°and 107.5°, respectively) (p<0.01). Re-revision was necessary in five (8.3 %) patients. One patient with a CCK prosthesis developed knee instability, probably caused by an underestimated complete lesion of the medial stabilisers, and was revised using a one-stage reimplantation with a RHK. Two patients, both with a CCK, developed recurrence of infection. One of these two patients required a knee arthrodesis because of a multidrug-resistant Pseudomonas aeruginosa infection. The other patient with methicillin-resistant Staphylococcus aureus re-infection was revised through a two-stage reimplantation with a RHK. One patient with a RHK was revised for persistent pain and an arthrodesis was necessary. Finally, one patient with an RHK was re-revised with a tumour prosthesis for wear and aseptic loosening.
Radiographic results
In four (6.7 %) cases, 12 months after surgery, anteroposterior radiographs revealed radiolucent lines (incomplete and less than one millimetre) around the tibial component, at the bone-cement interface. These radiolucent lines were not progressive at further follow-ups, nor associated with tibial subsidence. In three cases, the radiolucency was observed next to the medial tibial block of a CCK, while in one case the radiolucency was observed beneath the tibial platform of an RHK. Three (5 %) femora had minimal osteolysis without clinical or scintigraphic evidence of aseptic loosening.
All metal augmentations used (apart from three medial tibial blocks as previously mentioned) and all tantalum cones appeared well fixed radiographically at the final follow-up. In particular, no radiolucencies were observed between the cones and adjacent bone at the final follow-up, and this finding was considered to be evidence of osseointegration.
Discussion
The most important finding of our study was that 60 knee revisions were satisfactorily managed through three implants with different constraint degrees, relative to the state of peripheral ligaments and to the bone defects AORI classification: primary PS, semiconstrained CCK and rotating hinged (RHK) prostheses. Only two (out of five) failures of this series were due to mechanical factors; instability in one patient, and aseptic loosening in another patient. The median follow-up was nine years, therefore supporting the hypothesis that this protocol should provide stable and durable revision TKAs.
At the latest follow-up, IKS and HSS scores and ROM were significantly improved. No significant differences were found between the three different groups (PS, CCK and RHK) in terms of IKS and HSS scores, whereas PS designs only presented significantly higher ROM values, thus supporting the report of Fuchs et al. [21] who found a statistically significant difference in ROM between hinged and nonhinged designs (96.5°vs. 107.5°) but not in HSS, KSS, VAS, Tegner Activity Score, or Patella Score.
Constraint choice in revision TKA depends on the state of ligaments and on the severity of bone loss around the knee [12] [13] [14] . A simple algorithm of selection of the revision implant constraint is proposed (Table 1) . A primary PS system can be used if the ligaments are intact and the bone stock is preserved (type 1 defects according to AORI classification). In these circumstances, it is possible to perform standard tibial bone resections, possibly with a thicker polyethylene insert (Fig. 1) , or resections increased by up to five millimetres. In the latter case, the use of a tibial metal block may be indicated to avoid excessive tibial resection (Fig. 2) . CCK are semiconstrained implants, which represent an excellent alternative to the hinged prostheses in cases of intermediate severity. CCK prostheses are characterised by a large and long tibial post which engages in the large, deep intercondylar cam of the femoral component, thus ensuring medio-lateral and rotational stability (Fig. 3) . CCK systems can be used in case of insufficiency (but not absence) of the collateral ligaments, and moderate (type 2) bone loss. Hinged (total constraint) prostheses have been widely used in the past in revision TKA before the introduction of CCK implants in clinical practice. Modern hinged implants can provide a fixed or mobile insert and are generally used in the presence of complete disruption/absence of the ligaments with moderate (type 2) or severe (type 3) bone loss (Fig. 4) .
To our knowledge, this is the first study to provide precise indications for the use of the three different constraint knee prostheses on the basis of the state of peripheral ligaments and the severity of bone loss according to AORI classification, with a long follow-up.
Hwang et al. [5] reviewed the outcomes of 36 revision TKAs performed with a cemented PS, CCK and RHK prosthesis in eight, 25 and 13 cases, respectively. The mean follow-up was 30 months. Good or excellent outcomes were obtained in 82 % of knees. In general, a cemented PS prosthesis was used if both collateral ligaments were felt to be competent, while cemented CCK or RHK prostheses were used if one or both collateral ligaments were incompetent. RHK was used in cases of extensor mechanism failure. However, the authors did not clearly indicate the precise indications for the use of a CCK instead of a RHK. They only asserted that RHK was used for extensor mechanism failure, which is not at all a criterion for the constraint choice [22] . Hossain et al. [23] retrospectively reviewed 349 revision TKAs in 343 patients. Three implant types were used: PS, CCK and RHK. The minimum follow-up was 12 months. The PS implant was used in cases of intact collateral ligaments, providing valgus-varus stability, and minimal bone loss. In cases of partially intact or functioning ligaments, cases with valgus-varus deformities of greater than 15°or with flexionextension gap mismatches that may predispose to cam dissociation of a standard PS design, a CCK was considered. In these cases larger metaphyseal bone defects were encountered. A RHK prosthesis was used in cases with complete absence of ligaments, in cases of severe valgus-varus deformity and flexion contracture, which would necessitate the complete release of the collateral ligaments, and in cases of severe bone defects. Overall ten-year survivorship was 90.6 %. However, bone defects AORI classification was not used by the authors, thus failing to provide a very reproducible study. Fuchs et al. [21] reported good outcomes of 26 revision TKAs performed with hinged or semiconstrained implants. The indication for a hinged implant was based on whether or not the medial collateral ligament was completely absent. The ten patients with an infected TKA met these criteria and received a hinged implant. All 16 non-infected knees received a semiconstrained implant. Thus, no indication was given relative to the use of CCK implants, nor information about the influence of bone loss on the constraint design.
Although most reports of revision TKA include several types of prostheses, many studies have focused on a single prosthetic design [5] . Jones [24] reported excellent midterm results with no mechanical failures in 65 patients receiving a RHK prosthesis. Jones stressed that the primary indications for a RHK implant include medial and/or lateral collateral loss, massive bone loss, and metaphysis and cortical shell, Fig. 1 A revision total knee arthroplasty (TKA) performed for an allergy to the cobalt caused by the previous implant. A PS design was sufficient for the revision, but a thicker polyethylene insert was necessary for correct ligament balancing Fig. 2 The use of tibial metal half-block (with or without a short tibial stem) may be indicated to avoid an excessive tibial resection, as during the revision of a unicompartmental knee arthroplasty which includes collateral origins or insertion, as well as a severe gap imbalance requiring a link system for stability. Utting and Newman [25] reported on 30 revision TKAs performed with hinged implants (21 rotating, nine fixed). No prostheses failed from an aseptic cause and most of the knees of this challenging group provided both stability and flexion. The authors concluded that hinged prostheses could be used to salvage of limb threatening situations in elderly patients at risk of arthrodesis or amputation. Gudnason et al. [10] , more recently, reported similar results. Kim et al. [11] reported a ten-year 96 % components survivorship on 114 revision TKAs using a CCK prosthesis. The indication to use a CCK was deficient soft-tissue constraints around the knee. No mention was made about the influence of bone loss on the use of a CCK prosthesis. Moreover, most of the recent studies on CCK results have been performed in (difficult) primary knee replacements [16] [17] [18] , whereas bone loss is rarely encountered.
The main limitation of this study is that a non-randomised case series is presented, although the final outcomes of the PS, CCK and RHK groups were individually analysed. Moreover, patients and respective outcomes were not matched based on their age, BMI or cause of revision. The paper was primarily focused on overall results of the knee revisions and on the possible validity of a selection algorithm for constraint choice rather than on assessment of the different factors potentially influencing the revision. However, predisposing factors which are relevant for the clinical outcome after revision TKA have been recently reported [26, 27] .
The clinical relevance of our study was to show how a simple but effective algorithm could favour the correct Fig. 3 Due to their large and long tibial post which engages in the large and deep intercondylar femoral cam, CCK implants ensure medio-lateral and rotational stability (more than PS primary implants), thus representing a viable alternative to the hinged prostheses in knees that are not too compromised Fig. 4 A ligament disruption causing severe total knee arthroplasty (TKA) instability (a) was managed with an RHK prosthesis (b), a modern total constraint implant with a mobile bearing selection of the revision implant constraint, thus providing stable knee reconstructions and long-term success of the revision TKAs.
Conclusions
Management of the ligamentous instability represents one of the greatest challenges during revision TKA. An algorithm for choice of the revision implant constraint is presented, based on the state of the peripheral ligaments and on the bone defects AORI classification. This algorithm is proven to help the knee surgeon in selecting the appropriate constraint degree of the knee revision implant.
